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ABSTRACT. Recentsatelliteinvestigationsrevealedthat in the1990s,thegroundingline of

PineIslandandThwaitesglaciersretreatedseveralkm, theice surfaceon theinterior of thebasins

lowered10 cm a
� 1, andPineIslandGlacierthinned1.6m a

� 1. Theseobservations,however, were

not sufficient to determinethecauseof thechanges.Here,wepresentsatelliteradarinterferometry

datathatshows thethinningandretreatof PineIslandGlacierarecausedby anaccelerationof ice

flow of about18
�

2 percentin 8 years.ThwaitesGlaciermaintaineda nearlyconstantflow regime

at its center, but widenedalongthesides,andincreasedits 30
�

15percentmassdeficitby another4

percentin 4 years.Thecombinedmasslossfrom bothglaciers,if correct,contributesanestimated

0.08
�

0.03mma
� 1 globalsealevel risein 2000.
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1. INTRODUCTION

Of thethreemainglaciersystemsthatdraintheWestAntarctic ice sheet,theonecomprisingPine

IslandandThwaitesglaciersis thoughtto bemostunstable(Hughes,1981;Bentley, 1997).Lossof

theice containedin theice-drainagebasinsandglaciersthatdisgorge into theAmundsenSea(Fig.

1) couldraiseglobalsealevel by 1.2m (thisestimateis obtainedfrom theicevolumeabovesealevel

extractedfrom theBEDMAP thicknessmap(Lythe,VaughanandtheBEDMAP Consortium2001)

overthedrainagebasinsoccupiedby theglaciers)andpromoteincreaseddischargeof theremainder

of the West Antarctic Iced Sheet. Earlier assessmentsof input versusoutput of ice from these

basinshavenotshown measurableimbalance(Bentley andGiovinetto,1991),but theseassessments

containedmajoruncertainties(Vaughanet al., 2000).

More recently, satelliteradarinterferometrydatashowed that the groundingline of Pine Island

Glacierretreatedrapidly in theearly1990s(Rignot,1998)andthattheglaciermassbalancemight

well benegative. A similaranalysisconductedon ThwaitesGlacieralsoindicatedrapidgrounding

line retreatandthinning(Rignot,2001). Satelliteradaraltimetrydatasubsequentlyconfirmedthe

thinningof PineIslandGlacier, with a thinningrateapproaching1.6m a
� 1 nearthegroundingline

(Shepherdet al., 2001). At larger scale,the drainagebasinsof PineIslandandThwaitesglacier

thinned10 cm a
� 1 in the1990s(Winghamet al., 1998). While thesedataindicatethat important

changesare taking placein this part of WestAntarctica,they arenot sufficient to determinethe

causeof thechanges.

Here,we applya satelliteinterferometrytechnique(Rignotet al., 1997)to synthetic-apertureradar

imagesacquiredby theEarthRemoteSensingsatellitesERS-1andERS-2. The resultingimages

allow usto maptheflow of PineIslandandThwaitesglacierswith sufficient precisionto measure

substantialchangesin flow velocitybetween1992and2000.
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2. METHODS

For the period1996-2000,measurementsof flow velocity areobtainedin the sameline-of-sight

directionof the radar, Los, usinginterferometricpairsspanninga one-daytime interval, acquired

alongdescendingtrack81of ERS(Table1),andcorrectedfor topography. Topographyis calculated

from interferometricpairsbetweenwhich thereis negligible changein glaciervelocity (Table1),

andcontrolledby a digital elevation modelof Antarctica(BamberandBindschadler, 1997). The

line-of-sightvelocities,V Los
96 andV Los

92 , are

V Los
96 � V96 � Los �

V Los
00 � V00 � Los � (1)

whereV Los
96 andV Los

00 are,respectively, the vectorvelocity in 1996and2000. Comparisonof the

line-of-sightvelocitiesyieldsamapof changesin velocitywith aprecisionof
�

5ma
� 1.

In late 1995- early1996,sufficient tracksareavailablealongboth theascendinganddescending

pathsof ERSto allow a vectormappingof ice velocity, V96 (Table1). The measurementsof ice

velocity were correctedfor tide on the ice shelf using tidal predictionsfrom the FES99model

(Lefevreetal.,2000)listedin Table1. Thevectormapis usedto convert the1996-2000changesin

line-of-sightvelocity into changesin velocity magnitudeassumingno changein ice flow direction

betweenthoseyears:

V00 �
�
1 � V Los

00 � V Los
96

V Los
96

	
V96 (2)

For theperiod1992-1996,thesamemethodcannotbeusedbecausethe1992interferometricpairs

span6 daysinsteadof 1 day (Table1), hencecausingsignificantaliasingof the interferometric

phase. In addition, the 1992 tracksdo not exactly coincidewith the 1996 tracks. Instead,we

measurethe1992flow velocity, V ST
92 , usinga speckletracking(ST) technique(Michel andRignot,

1999)in thealong-trackdirection,t, of anascendingpassof ERS:

V ST
92 � V92 � t (3)
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V92 is the1992vectorvelocity. Theprecisionof speckletrackingis 1/30th of a pixel, which is 4 m

long in thealong-trackdirection. Over a periodof 6 days,this meansa precisionin V ST
92 of 10 m

a
� 1. Smallundulationsin pixel offset,probablycausedby ionosphericdisturbances(1992wasnear

solarmaximum),however limit theprecisionin thepresentcaseto
�

30m a
� 1. Speckletrackingis

alsoapplicablein thecross-track(line-of-sight)direction,but thepixel sizein thatdirectionis too

large(20m) to measurechangesin icevelocitywith sufficientprecision.

The along-trackvelocity, V ST
92 is comparedto its 1996 equivalent by projectingthe 1996 vector

velocityalongthesamedirection,

V ST
96 � V96 � t (4)

Assumingno changein flow directionbetween1992and1996,the 1992flow vector is deduced

from the1996flow vectorusing,

V92 �
�
1 � V ST

92 � V ST
96

V ST
96

	
V96 (5)

The1992,1996and2000velocitymagnitudearecomparedin Fig. 3 alongtheapproximatecenter

line of theglacier. Notethatthe1992along-trackdirection,t, andthe1996line-of-sightdirection,

Los, only differ by 11o.

3. RESULTS

Fig. 3. shows thattheflow accelerationof PineIslandGlaciercoincideswith thefast-flowing part

of the glacier. It is largestat the groundingline, andaffectsbothmorethan100 km of grounded

ice andthefloatingice shelf.Thevelocity increaseis 100m a
� 1 at theinlandedgeof thescene,or

8.5percentof the1996velocity. It becomes250m a
� 1 at thegroundingline, or 10 percentof the

1996velocity. Theflow accelerationthereforedecreasesinland,decreaseson thefloatingice shelf

(visible in Fig. 2, but not in Fig. 3) andis largestnearthegroundingzone.

The1992-1996flow accelerationvariesfrom 6.5percentof the1996velocitynearkm 0 to 8 percent
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nearthe groundingline. If the 1992velocity is usedasa reference,the percentageflow change

become6 and 7.5 percent,respectively. Within the uncertaintyof the 1992-1996measurement

(
�

1 percent),theflow accelerationis thereforelarger in 1996-2000thanin 1992-1996,andhence

increaseswith time.

Imagepairsacquired105daysapartin late1996and2000(Fig. 2d,e)alsoshow aflow acceleration,

whichsuggeststhattheflow changeis nearlycontinousthroughtime. Theresultalsoillustratesthat

flow changesoveronly 2 monthsarelargeenoughto bedetectedwith InSAR.

No flow accelerationis detectedacrossthecentralpartof ThwaitesGlacier(Fig. 4) between1996

and2000.In fact,thecentralpartof theglacierexperienceda slight reductionin ice velocity. Two

sectorsabout10 km wide by 30 km long, nearthegroundingline, alongtheshearmarginsof the

glacier, however, accelerated4 to 20 percent(Fig. 5). This patternof flow changeindicatesthat

theglaciershearmarginsmigratedoutward,by severalkm. Thewideningof thefast-flow portion

of theglacierincreasedthemeanvelocity, andhenceice discharge,by about4 percent,despitethe

relative slow down of thecentralpartof theglacier.

4. DISCUSSION.

4.1Massbalance.

A consequenceof the flow accelerationof Pine IslandGlacier is that its basinis now certainly

loosingmass.Usingice thicknessfrom BEDMAP (LytheandVaughan,2001)andthe1996vector

velocity map, the groundingline flux is 75.1
�

4 km3 ice a
� 1 in 1996, with a precisionlimited

by a
�

50-m uncertaintyin thickness. This result compareswell with the 76.1
�

2 km3 ice a
� 1

grounding-lineflux estimatedusinganicethicknessdeducedfrom hydrostaticequilibrium(Rignot,

1998). Using Eq. (2), the flux is estimatedat 82.6
�

4 km3 ice a
� 1 in 2000,which is 10 percent

higher. The159,120-km2 basinof PineIslandGlacieraccumulates68.0km3 ice a
� 1 accordingto
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theaccumulationmapof Vaughanet al. (1999)and71.6km3 ice a
� 1 accordingto Giovinettoand

Zwally’s (2000). The averagevalueis 69.8km3 ice a
� 1, with a 3-km3 ice a

� 1 uncertainty. The

glaciermassbalanceis thus, -12.8
�

5 km3 ice a
� 1 in 2000,comparedto -5.3

�
5 km3 ice a

� 1 in

1996.Similarly, usingEq. (5), theglaciermassbalancewasonly -0.7
�

5 km3 icea
� 1 in 1992.

Thegroundingline dischargeof ThwaitesGlacierwasestimatedat77
�

8 km3 icea
� 1 in 1996,with

anaccumulationof 60.0
�

3 km3 ice a
� 1 (averageof thetwo accumulationmaps)over a basinarea

of 166,500km2 (Rignot,2001). In 2000,thegroundingline discharge is 80.1
�

8 km3 ice a
� 1, or 4

percenthigher, andthemassbalanceis thus,-20.1
�

9 km3 icea
� 1.

Thecombinedmassbalanceof thebasinsof PineIslandandThwaitesglaciersis -33
�

10 km3 ice

a
� 1, or 30

�
9 Gt a

� 1 usingan ice densityof 917kg m
� 3. If correct,this contributesa 0.08

�
0.02-

mm a
� 1 globalsealevel rise,using360Gt a

� 1 astheequivalentto a 1-mmsea-level rise(Jacobs

andothers,1992).

Using the BEDMAP thicknessmodels,we calculatethat the Pine Island and Thwaitesglaciers

contain,respectively, 396,330km3 and306,910km3 of ice, of which 250,590km3 and210,460

km3, respectively, areabove sealevel. Completeremoval of ice from the basinswould raisesea

level by 0.7 m and0.55m, respectively, for a combinedtotal of 1.25m. Hence,a sustainedmass

lossfrom thissectorof WestAntarcticawouldhave asignificantimpactonsealevel.

4.2Ice thinning.

Theflow accelerationof PineIslandGlaciercouldeitherthin or thicken the ice, dependingon the

rate of flow change. Thicker ice advectedfrom upstreamcausesthickening downstream,while

enhancedlongitudinalstretchingof the ice createsa negative vertical strainwhich causesice to

thin. This is illustratedthroughtheconservation of massrelationshipappliedto a verticalcolumn
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of ice,

∂H
∂t � ȧ � ḃ � V � ∇H � H ε̇z (6)

where∂H 
 ∂t is theglacierthickeningrate,ȧ is thesurfaceaccumulation,̇b is basalaccumulation,V

is thevelocityvector, ∇ is thehorizontalgradientoperator, andε̇z is thevertically-averagedvertical

strainrate. The third term of the right-handsideof the equationcorrespondsto thickeningfrom

advection,while thefourth termcorrespondsto thinningfrom verticalstrain.If theglaciervelocity

increasesby δV , thethickeningratewill changeby,

δ
�
∂H 
 ∂t

	
� � δV � ∇H � Hδε̇z (7)

whereδε̇z is thechangein strainrate. Thechangein ice thickness,δH = 1-2 m a
� 1 accordingto

Shepherdetal. (2001),is hereneglected.

We applyEq. (7) at two locationsalongprofile A-B: 1) at km 25 (point A’ in Fig. 2) betweenkm

0 and50; and2) at km 60 (point B’ in Fig. 2) betweenkm 50 and70. At A’ in 2000,we use:

H = 1850m, ∇H = (1700-1850)/5x104, δV = 130 m a
� 1, andδε̇z = -(150-100)/5x104 a

� 1. The

calculatedchangein ice thicknessis -0.4
�

0.2 m a
� 1 for 1996-2000.The0.2m-a

� 1 uncertaintyis

deducedfrom a
�

10m a
� 1 uncertaintyin velocityanda

�
50m uncertaintyin thickness.

At B’, wehaveH = 1450m,∇H = (1350-1700)/2x104, δV = 200m a
� 1, andδε̇z = -(250-150)/2x104

a
� 1. Thecalculatedrateof thicknesschangeis -0.94

�
0.4m icea

� 1 for 1996-2000.

At A’ in 1996,δV = 110m a
� 1, andδε̇z = - (115-65)/5x104 a

� 1 yield athicknesschangeof -0.4
�

0.2

m a
� 1 for 1992-1996.At B’, δV = 155m a

� 1 andδε̇z = -(210- 115)/2x104 a
� 1 yield a changein

thicknessof -0.95
�

0.4m icea
� 1 for 1992-1996.

Hence,despiteslightchangesin flow accelerationbetweenthetwo time intervals,theinferredrates

of thinningareconsistentfrom 1992to 2000:0.4m icea
� 1 about65km upstreamof thegrounding

line, and0.95m icea
� 1 about15km upstreamof thegroundingline.
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Theseresultscomparewell with Shepherdetal. (2001)’s , but areprobablylower in thecaseof B’.

They reportameanthinningof 0.75
�

0.07m icea
� 1 in thelower150km of theglacier, and1.6

�
0.2

m a
� 1 about13 km upstreamof the groundingline. The thinning ratecalculatedusingEq. (7),

however, is in additionto thatgivenby Eq. (6), which is notknown. Thelargermagnitudethinning

reportedfrom satelliteradaraltimetrythereforesuggeststhattheresultof Eq. (6) is negative,which

meansthat the massbudgetof the glacierwould remainnegative in the lower reacheseven there

hadbeennoaccelerationin 1992-2000.

ThwaitesGlacier, in contrast,showsnoaccelerationof its maintrunkin 1992-2000.Theestimateof

themassbudgetof its basinis however stronglynegative, which meansthattheresultof Eq. (6) is

negative. Themigrationof its shearmarginsin 1996-2000suggeststhattheglacierhasnot reached

stableflow conditionsandthat ice discharge mayincreasefurther in thefuture,henceaugmenting

theglaciermassdeficit.

ThwaitesGlaciermusthave acceleratedin thepastcomparedto equilibriumconditions.Theflow

increase,of theorderof 30 percent,musthave takenplacewell before1992. Theflow changeof

ThwaitesGlacieris thereforelikely of mucholderorigin thanthatof PineIslandGlacier.

4.3Nature of flow changes.

Theflow accelerationof PineIslandGlacieris unlikeaconventionalglaciersurge,in whichabulge

or surge-frontmovesdown theglacierasa kinematicwave at many timestheice velocity. A surge

is usuallyexpressedby a simultaneousaccelerationandthickeningof the glacier. Here,the flow

changeis accompaniedby thinning(Shepherdet al., 2001;Rignot,1998)over anextendedperiod.

Similarly, thereis no evidencefor a kinematicwave traveling up theglacier(Fig. 3), which would

beexpectedif anabruptchangein ice-shelfconditionwereto bethecauseof theacceleration.

Pine Island Glacier flows too rapidly to be frozen to its bed (Vaughanet al., 2001). It moves
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predominantlyeitherby sliding over a non-deformingbed,or restingon highly deformablebasal

sediments,or amix of thetwo mechanisms.In eithercase,thepresenceof basalwateratapressure

closeto theoverburdenpressureis required.An increasein basalwaterpressurewould reducethe

basalshearstressandenhanceice flow. Themelt waterpresentbeneaththeglacieris producedin

comparableamountsby bothgeothermalandfrictional heating.An averagegeothermalflux of 54

mW / m2 over thebasinof PineIslandGlaciermelts0.8Gt a
� 1, if weassumedthatonly half of the

availableheatmeltsthe ice. Givena basalshearstressof 115kPa, a sliding velocity of 1 km a
� 1,

anda slidingareaof 30 x 100km (Vaughanet al., 2001),frictional heatingmeltsabout0.7Gt a
� 1.

Frictional heatingwill not changeunlessthe glacierspeedsup considerably. Geothermalheating

couldbeenhancedby severalordersof magnitudenearactive volcanoes(Clarke etal.,1989),some

of which areknown to be presentin the area(LeMasurierandThompson,1990). Yet, we have

no evidencefor recentvolcanicactivity in thearea;andit is alsounclearhow sub-glacialvolcanic

activity couldsustainanearlyconstantrateof flow accelerationwell overadecade.

No remarkablechangein ice-front positionhasbeendetectedon PineIslandGlacier(Jenkinset

al., 1997). This situationmaybe changingat presentastherearenew evidencesof crackingand

fissuringof theiceshelfin PineIslandBay (Rignot,submitted).Assumingthattheice-shelfexerts

a buttressingeffect on the inland ice, its progressive disappearancecould in principleyield a flow

accelerationsimilar to that observed with InSAR. This possibility is beinginvestigatedat present

usingnumericalmodeling,andtheresultswill bereportedin thefuture.

Although recentchangesin ice velocity werereportedin anothermain ice-stream/glaciersystem

drainingthe WestAntarcticaice sheet,the Siple Coast(Whillans et al., 2000)flow eitherslowed

downor revertedtowhatit wasbeforehand,whichwasviewedbyBentley (1997)asbeingconsistent

with long-termequilibrium. The third majordrainageroutefrom WestAntarctica,the RonneIce

Shelf,showsnopronouncedevidenceof largeimbalanceor flow accelerationontheiceshelf(Doake

et al., 2000).Observedflow changeson PineIslandandThwaitesglaciers,thereforeconstitutethe
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mostcompellingevidencefor substantial,contemporaryice-sheetretreatin WestAntarctica. The

observedchangesarelarge,well documented,fasterthananticipated,andaffectinglargeareas.The

consequencesfor thebasinsdrainedby theseglaciersaresignificantin termsof their contribution

to sealevel change.

5. CONCLUSIONS.

Using satelliteradarinterferometrydata,the groundingline of PineIslandGlacierwasshown to

retreatrapidly. Satellitealtimetrydatashowedthatthinningextendedinland,over a largearea,and

wascoincidentwith theareaof fastflow of theice. Theseobservationssuggesteda dynamiceffect

wasresponsiblefor theobservedthinningandgrounding-lineretreat.Thedatapresentedherefully

demonstratethedynamicnatureof icethinningin thisregion. Theresults,in turn,illustratethehigh

complementarityof satellitealtimetryandsatelliteinterferometryfor documentingglacierchanges.
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Table1. List of ERS-1/ERS-2dateandorbitsusedfor PineIslandGlacier. Topographicmapping
wasperformedcombining22625-2952and23627-3954on track92, andmerging theresultswith
thecombinationof 23616-3943and24117-4444ontrack81. Thelastcolumnliststhetidepredicted
by theFES99modelat thetimeof passageof thesatellitein cm.

Track ERS-1/ERS-2Date ERS-1/ERS-2Orbit FES99Tide
35 02-15-92/02-09-92 3056/2970 23.95/-4.6
81 11-11-95/11-12-95 22614/2941 27.4/32.6
81 01-22-96/01-23-96 23616/3943 -41.6/-33.8
81 02-24-96/02-25-96 24117/4444 -10.2/-22.6
81 11-20-99/11-21-99 43656/23983 5.4/-11.1
81 03-04-00/03-05-00 45159/25486 -34.7/-26.7
92 11-12-95/11-13-95 22625/2952 35.2/29.8
92 01-21-96/01-22-96 23627/3954 81.2/72.2

Table2. List of ERS-1/ERS-2dateandorbitsusedfor ThwaitesGlacier. Topographicmappingwas
performedcombining22557-2884and23559-3886on track 24, andmerging the resultswith the
combinationof 23885-4212and24386-4713on track350. Thelastcolumnlists thetide predicted
by theFES99modelat thetimeof passageof thesatellitein cm.

Track ERS-1/ERS-2Date ERS-1/ERS-2Orbit FES99Tide
10 03-08-92/03-02-92 3375/3289 -9.0/-25.1
24 11-12-95/11-13-95 22557/2884 29.3/30.8
24 01-16-96/01-17-96 23559/3886 -35.4/-39.1
24 02-29-00/03-01-00 45102/25429 -48.6/-47.6
24 11-16-99/11-17-99 43599/23926 35.5/32.5
350 02-08-96/02-09-96 23885/4212 13.7/3.9
350 03-14-96/03-15-96 24386/4713 -24.8/-15.7
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Figure1. Locationmapof PineIslandandThwaitesglaciers,in WestAntarctica.

14



15



Figure2. (a) Line-of-sightvelocity of Pine IslandGlacier (positive down glacier)on 11/11-95,
grounding-linepositionin 1992(red),1996(white) and2000(black),profile A-B with white dots
every 10 km, andlocationof A’ andB’ discussedin the text (blackdots). Eachcolor cycle (from
blue to red, yellow andblue again)in (a-c) representsa 350-m/yr incrementin velocity, and50-
m/yr in (d-e). (b) Increasein along-trackvelocity measuredbetween2/15/92and11/11/95(1365
days).Increasein line-of-sightvelocity measuredbetween(c) 11/11/95and11/20/99(1470days),
(d) 11/11/95and02/24/96(105days),and(e)11/20/99and03/04/00(105days).
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Figure3. Increasein velocitymagnitudeof PineIslandGlacier, from A (distance= 0) to B (distance
= 90) in Fig. 2a, from 02/15/92to 11/11/95in green,11/11/95to 11/20/99in red, 11/11/95to
02/24/96in dark blue, and 11/20/99to 03/04/00in light blue. The thin black lines representa
percentageof the1996velocity, varyinglinearlyfrom 6.5percentin A to 8 percentin B for thetime
interval 1992-1996,8.5to 10percent,respectively, for thetime interval 1996-2000,andfixedat0.8
percentfor thetwo 105-dtime intervals(bluecurves).Thethick backline represents1/10thof the
ice thicknessfrom BEDMAP from A to B.
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Figure4. (a) Line-of-sightvelocity of ThwaitesGlacieron 11/07/95of track 24 (positive down
glacier),grounding-lineposition in 1992(red), 1996 (white) and2000(black, incompletedata).
Color codeis thesameasin Fig. 2 a-c. (b) Increasein line-of-sightvelocitybetween11/07/95and
02/29/00(1575days).ProfileA-B usedin Fig. 5 is black,with whitedotsspacedevery10km.
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Figure5. Increasein velocitymagnitudeof ThwaitesGlacier, from A (distance= 0) to B (distance=
107)between11/95and02/00in red.Theblackthin line represents10percentof the1996velocity
for reference.
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